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We study the SU(3) group structure of pentaquark baryons which are made of four quarks and
one antiquark. The pentaquark baryons form 1, 8, 10, 10, 27, and 35 multiplets in SU(3) quark
model. First, the flavor wave functions of all the pentaquark baryons are constructed in SU(3) quark
model and then the flavor SU(3) symmetry relations for the interactions of the pentaquarks with
three-quark baryons and pentaquark baryons are obtained. Constructing the general interactions
in SU(3) could be important for understanding the pentaquark baryon properties from reaction
mechanisms. We also discuss possible pentaquarks in 27-plet and 35-plet and their decay channels
that can be used to identify them in future experiments. The mass sum rules for the pentaquark
baryons are also presented.
PACS numbers: 12.39.-x, 14.20.Jn
I. INTRODUCTION
The discovery of Θ+(1540) by the LEPS Collaboration at SPring-8 [1] and the observations of the subsequent ex-
periments [2–13] have initiated great interests in exotic baryons in hadron physics. Because of its positive strangeness,
the minimal quark content must be ududs¯ and hence Θ+ is an exotic pentaquark state. The observation of Ξ−−(1862)
by NA49 Collaboration [14] may suggest that Ξ(1862) forms pentaquark antidecuplet with Θ+(1540), which must
be confirmed by other experiments [15].1 Recently, a pentaquark state containing anti-charm quark was observed by
H1 Collaboration [18]. Because of the observation of pentaquark states in various reaction channels, the existence of
pentaquark baryons now becomes widely accepted.2 Thus it is natural to search for the other pentaquark baryons
which have been predicted by hadron models.
Pentaquark baryons may be pure exotic or crypto-exotic. The pure exotic states can easily be identified by their
unique quantum numbers, but the crypto-exotic states are hard to be identified as their quantum numbers can also be
generated by three-quark states. Therefore, it is crucial to have careful analyses for their decay channels. Historically,
there have been many efforts to find pentaquark states with the development of quark models, which, however, failed
to observe Θ(1540). The efforts to search for pentaquark baryons until 1980’s were summarized in Refs. [20, 21]. (See
also Ref. [22].)3 Early theoretical works on exotic baryons can be found, e.g., in Refs. [43]. Rigorous theoretical studies
were then performed for heavy quark sector, i.e., pentaquark baryons with one anti-charmed quark or anti-bottom
quark. In the pioneering work of Lipkin [23] and Grenoble group [24], the anti-charmed pentaquark with one strange
quark was shown to have the same binding energy as the H dibaryon in the heavy quark mass limit and in the SU(3)
limit. Then it has been studied in more sophisticated quark models [25, 26] and in Skyrme model [27, 28]. Following
the first experimental search for heavy pentaquarks [29], the observation of Θ+(1540) and Θc(3099) has brought new
interests in this subject [30–35].
∗Electronic address: yoh@physast.uga.edu
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1 The recent report from WA89 Collaboration [16, 17] shows no evidence for Ξ(1860) in Σ−-nucleus collisions.
2 However, higher statistics experiments are required to firmly establish the observed resonances. See Ref. [17] for a compilation of positive
and negative reports on the existence of Θ+(1540) in various experiments. Another interpretation for the Θ+(1540) peak was suggested
by Ref. [19].
3 In the literature we could find several resonances that were claimed to be crypto-exotic states. For example, X(1340), X(1450), and
X(1640) were reported by Ref. [36] and X(3520) by Ref. [37]. X(1390), X(1480), and X(1620) that have isospin I ≥ 5/2 were observed
by Ref. [38], and Ref. [39] reported Σ(3170). Most of them were found to have narrow widths, but their existence was not confirmed
and questioned by later experiments [40, 41]. SPHINX Collaboration has reported the existence of X(2000), X(2050), and X(2400)
that are expected to have the quark content of uudss¯ [42], whose existence should be carefully re-examined by other experiments.
Typeset by REVTEX
2In the light quark sector, pentaquark states were anticipated in the Skyrme model [44, 45]. The first detailed study
on antidecuplet was made by Diakonov et al. [46, 47], which predicted a very narrow Θ+ with a mass around 1530
MeV by identifying N(1710) as the nucleon analogue of the antidecuplet. After the discovery of Θ+(1540) there
have been lots of theoretical models and ideas to explain the structure of pentaquark baryons and to search for the
other pentaquark states. The subsequent theoretical studies include the soliton models [48–52], QCD sum rules [53],
large Nc QCD [54, 55], and lattice calculation [56–58], etc. As the quark models have provided a cornerstone for
hadron physics, it is legitimate to start with the quark models and study the structure of pentaquark baryons. In
Ref. [59], Karliner and Lipkin suggested a triquark-diquark model, where, for example, Θ+ is a system of (ud)-(uds¯).
In Ref. [60], Jaffe and Wilczek advocated a diquark-diquark-antiquark model so that Θ+ is (ud)-(ud)-s¯. In this model,
they also considered the mixing of the pentaquark antidecuplet with the pentaquark octet, which makes it different
from the SU(3) soliton models where the octet describes the normal (three-quark) baryon octet. Assuming that the
nucleon and Σ analogues are in the ideal mixing of the octet and antidecuplet, the nucleon analogue is then identified
as the Roper resonanceN(1440). In Ref. [61], it was pointed out that the Roper resonanceN(1710) should be excluded
as a pure antidecuplet state. This is because, within SU(3) symmetry, antidecuplet does not couple to decuplet and
meson octet, whereas N(1710) has a large branching ratio into π∆ channel. Therefore, mixing with other multiplets
is required if one wants to identify N(1710) as a pentaquark crypto-exotic state. However, recent study for the ideal
mixing between antidecuplet and octet states shows that the ideally mixed state still has vanishing coupling with the
π∆ channel [62, 63], which excludes N(1440) as a pentaquark state. This shows the importance of reaction/decay
studies in identifying especially crypto-exotic pentaquark states. More discussions on the quark model predictions
based on the diquark picture can be found, e.g., in Refs. [61, 64]. Predictions on the antidecuplet spectrum in various
quark models can be found, e.g., in Refs. [65–70]
In quark model, pentaquark baryons form six multiplets, 1, 8, 10, 10, 27, and 35. The other type resonances
are thus expected together with antidecuplet, particularly the isovector Θ belonging to 27-plet and isotensor Θ as
a member of 35-plet. The interest in this direction has been growing [65, 71–74] and it is important to know the
interactions and decay channels to search for the other pentaquark baryons.
Furthermore, understanding the Θ+ properties such as spin-parity requires careful analyses of production mecha-
nisms including γN → K¯Θ [75–80], γN → K¯∗Θ [81], γN → KπΘ [82] γN → K+K−Θ [83], NN → YΘ [84–86], and
KN → KπN [87]. Most model predictions for those production processes, however, do not consider the intermediate
pentaquark baryons in its production mechanisms as the unknown inputs like the electromagnetic and strong cou-
plings of pentaquark baryons are required. Therefore, knowing the interaction Lagrangian of pentaquark baryons are
necessary.
The physical pentaquark states would be mixtures of various multiplets as in the chiral soliton model [73]. Such
a representation mixing is induced by SU(3) symmetry breaking and it can be studied in quark potential models.
Therefore, it is desirable to obtain the full set of pentaquark wave functions in quark model for further investigation.
In this paper, we construct the flavor wave functions of pentaquark baryons in SU(3) quark model. There are several
works in this direction and the flavor wave functions of antidecuplet has been obtained in Refs. [62, 67, 68, 88]. (See
also Ref. [55] for the relation between the wave functions of pentaquark baryons in quark model and Skyrme model
in the large Nc limit.) The SU(3) symmetric interactions for antidecuplet have been studied in Refs. [61–63], which
motivated the development of a chiral Lagrangian for antidecuplet [89, 90]. In this work, we extend the SU(3) quark
model to pentaquark states and obtain the flavor wave functions of all pentaquark states including singlet, octet,
decuplet, antidecuplet, 27-plet, and 35-plet. Then we obtain the SU(3) symmetric Lagrangian of pentaquark–three-
quark and pentaquark-pentaquark interactions with meson octet.
This paper is organized as follows. In the next Section, we start with the quark and antiquark operators and form
a diquark state. Then by taking direct product of two diquarks and one antiquark, we form the pentaquark states in
tensor notation. The physical baryon states are, therefore, represented by SU(3) tensors as shown in Sect. III. This
allows us to obtain the flavor wave functions of pentaquark baryons by identifying each SU(3) tensor with physical
pentaquark states. Although the procedure in this paper follows the diquark-diquark-antiquark picture, the obtained
wave function is general as we do not impose any dynamics to the quarks. In Sect. IV, we develop SU(3) symmetric
Lagrangian for pentaquark baryons. We consider the interactions of pentaquarks with normal three-quark baryons
(octet and decuplet) and meson octet. Then it is extended to construct the interactions of pentaquark baryons
with (other) pentaquark multiplets and meson octet. The SU(3) symmetric case is considered in this work, but the
symmetry breaking can be included in a standard way [91]. In Sect. V, the mass relations among pentaquark baryons
are obtained. We found Gell-Mann–Okubo mass relation for 27-plet and equal spacing rules not only for 10 and 10
but also for 27 and 35. Section VI contains a summary.
3=⊗ ⊕
FIG. 1: Product of two quarks, 3⊗ 3 = 6⊕ 3.
irreducible tensor type notation
Sjk (2, 0) 6
T i (0, 1) 3
TABLE I: Irreducible tensors of a diquark.
II. WAVE FUNCTIONS OF PENTAQUARK BARYONS
We start with the representations for quark and antiquark. We denote a quark by qi and an antiquark by q
i with
i = 1, 2, 3, so that q1, q2, and q3 are u, d, and s quark, respectively. The inner products of the quark and antiquark
operators are normalized as
(qi, qj) = δij , (q
i, qj) = δij , (qi, q
j) = 0. (2.1)
A. Diquark
We first construct a diquark by a direct product of two quarks. In flavor SU(3) group, the quarks qi are in the
fundamental representation 3, which is described by a box in Young tableau. The direct product of two quarks then
gives 3⊗ 3 = 6⊕ 3 as shown in Fig. 1. In (p, q) notation, 6 is (2, 0) type and 3 is (0, 1) type. Generally, (p, q) type
can be represented by a tensor T
b1,...,bq
a1,...,ap , which is completely symmetric in upper indices and in lower indices, namely,
T b1,b2,...,bqa1,a2,...,ap = T
b1,b2,...,bq
a2,a1,...,ap = T
b2,b1,...,bq
a1,a2,...,ap = T
b2,b1,...,bq
a2,a1,...,ap , (2.2)
etc. It is also traceless on every pair of indices so that
T a1,b2,...,bqa1,a2,...,ap = 0. (2.3)
Therefore, 6 is represented by a tensor Tij and 3 is by T
i like in the case of antiquarks.
Explicitly, by symmetrizing and anti-symmetrizing, the product of two quarks is written as
qjqk =
1√
2
Sjk +
1
2
√
2
ǫijkT
i, (2.4)
where (
Sjk
Ajk
)
=
1√
2
(qjqk ± qkqj) , (2.5)
and
T i = ǫijkAjk, (2.6)
so that Sjk and T
i represent 6 and 3, respectively. The inner products of Sjk and T
i are then obtained as
(Sjk, Slm) = δjlδkm + δjmδkl, (T
i, T j) = 4δij . (2.7)
Since Sjk and T
i are irreducible representations, the inner product (Sjk, T
i) vanishes.
4(a) ⊗ ⊕ ⊕=
=⊗ ⊕(b)
(c) ⊗ = ⊕
FIG. 2: Products of two diquarks. (a) 6⊗ 6 = 151 ⊕ 152 ⊕ 6, (b) 6⊗ 3 = 152 ⊕ 3, and (c) 3⊗ 3 = 6⊕ 3.
B. Two diquarks
Since one diquark is either in 6 or 3, the direct product of two diquarks contains 6⊗ 6, 6⊗ 3, 3⊗ 6, and 3⊗ 3:
(qjqk)(qlqm) =
1
2
SjkSlm +
1
4
(
ǫijkT
iSlm + ǫilmSjkT
i
)
+
1
8
ǫijkǫnlmT
iT n. (2.8)
The direct products of each multiplets are shown in Fig. 2.
We start with noting that the product 3⊗ 3 is decomposed into two parts as
T iT j = 2
√
2Sij + 2ǫijkTk, (2.9)
where
Sij =
1
4
√
2
(
T iT j + T jT i
)
,
Tk =
1
8
ǫijk
(
T iT j − T jT i) . (2.10)
As shown in Fig. 2, this means that 3⊗ 3 = 6⊕ 3.
In the case of 6⊗ 3, we have
SjkT
i = T ijk +
1√
2
(
δijδ
m
k + δ
i
kδ
m
j
)
Qm, (2.11)
where
Qm =
1√
8
SmlT
l,
T ijk = SjkT
i − 1√
2
(
δijδ
m
k + δ
i
kδ
m
j
)
Qm, (2.12)
which shows that 6⊗3 = 15⊕3. One can easily make sure that T ijk represents 15. Namely, the 6 states from the two
(symmetric) lower indices and 3 states from the upper index give 18 possible states, which are reduced to 15 when
combined with three traceless conditions.
Similarly, 3⊗ 6 is broken down to
T iSjk = T˜
i
jk +
1√
2
(
δijδ
m
k + δ
i
kδ
m
j
)
Q˜m, (2.13)
5where
Q˜m =
1√
8
T lSml,
T˜ ijk = T
iSjk − 1√
2
(
δijδ
m
k + δ
i
kδ
m
j
)
Q˜m. (2.14)
The product 6⊗ 6 is obtained as
SjkSlm =
1√
6
Tjklm +
1
2
√
2
(
ǫaklδ
b
mδ
c
j + ǫajmδ
b
l δ
c
k
)
Sabc +
1√
6
(ǫajlǫbkm + ǫaklǫbjm)T
ab, (2.15)
where
T ij =
1√
6
ǫiabǫjcdSacSbd,
Sijk =
1√
2
ǫilm (SjlSkm + SklSjm) ,
Tjklm =
1√
6
(SjkSlm + SlkSjm + SjmSkl + SljSkm + SkmSjl + SlmSjk) , (2.16)
as we have expected from 6⊗ 6 = 151 ⊕ 152 ⊕ 6. Here, we have an identity,
ǫalkT
a
jm + ǫakjT
a
lm + ǫajlT
a
km = 0, (2.17)
which is valid for T ijk in Eq. (2.12), T˜
i
jk in Eq. (2.14), and S
i
jk in Eq. (2.16).
By collecting the above results, we have
(qjqk)(qlqm) =
1
2
√
6
Tjklm +
1
4
√
2
(
ǫaklδ
b
mδ
c
j + ǫajmδ
b
l δ
c
k
)
Sabc
+
1√
6
(ǫajlǫbkm + ǫaklǫbjm)T
ab +
1
4
ǫijk
{
T ilm +
1√
2
(
δilδ
a
m + δ
i
mδ
a
l
)
Qa
}
+
1
4
ǫijk
{
T˜ ilm +
1√
2
(
δilδ
a
m + δ
i
mδ
a
l
)
Q˜a
}
+
1
4
√
2
ǫijkǫnlm
(
2Sin + ǫinaTa
)
. (2.18)
The obtained irreducible representations for four-quarks are summarized in Table II.
The inner products of the multiplets are obtained as follows. First, for Ta, Qa, and Q˜a of (1, 0) type, we have
(Ta, Tb) = 2δab. (2.19)
For T ij and Sij of (0, 2) type, we have
(T ij , T lm) = δilδjm + δimδjl. (2.20)
For T ijk, T˜
i
jk, and S
i
jk of (2, 1) type, which satisfy the traceless condition, T
i
ik = 0, we have
(T ijk, T
l
mn) = 4δ
il (δjmδkn + δjnδkm)− δij
(
δlmδkn + δ
l
nδkm
)− δik (δlmδjn + δlnδjm) . (2.21)
For Tijkl of (4, 0) type, we have
(Tjklm, Tabcd) = (Sjk, Sab)(Slm, Scd) + (Sjk, Sbc)(Slm, Sad) + (Sjk, Sad)(Slm, Sbc)
+ (Sjk, Sac)(Slm, Sbd) + (Sjk, Sbd)(Slm, Sac) + (Sjk, Scd)(Slm, Sab),
(2.22)
where
(Sjk, Slm) = δjlδkm + δjmδkl, (2.23)
as in Eq. (2.7).
6irreducible tensor type notation source
Ti (1, 0) 3 3⊗ 3
Qi (1, 0) 3 6⊗ 3
Q˜i (1, 0) 3 3⊗ 6
Sij (0, 2) 6 3⊗ 3
T ij (0, 2) 6 6⊗ 6
T ijk (2, 1) 152 6⊗ 3
T˜ ijk (2, 1) 152 3⊗ 6
Sijk (2, 1) 152 6⊗ 6
Tijkl (4, 0) 151 6⊗ 6
TABLE II: Irreducible tensors of the product of two diquarks.
(a) =
(b)
(c) ⊗ = ⊕
(d) ⊗ = ⊕
= ⊕
⊕
⊗ ⊕
⊗
FIG. 3: Products of two diquarks and one antiquark. (a) 151 ⊗ 3 = 35⊕ 10, (b) 152 ⊗ 3 = 27⊕ 10⊕ 8, (c) 6⊗ 3 = 10⊕ 8,
and (d) 3⊗ 3 = 8⊕ 1.
C. Pentaquarks
As the two diquarks can form 3, 6, 151, and 152 and the antiquarks form 3, there are six multiplets for pentaquarks,
1, 8, 10, 10, 27, and 35 as depicted in Fig. 3. We now discuss the possible pentaquark multiplets in detail.
1. 3⊗ 3
The two diquarks can form 3 when they are in 3⊗ 3 or 6⊗ 3. Since
3⊗ 3 = 8⊕ 1, (2.24)
the pentaquarks are either in singlet or in octet representation in this case. Let Ti stand for Ti, Qi, or Q˜i of (1, 0)
type for the four-quarks, then we have
Tl q¯
q =
√
2
(
P ql +
1√
3
δql S
)
, (2.25)
7where
S =
1√
6
Tmq¯
m,
P ql =
1√
2
(
Tlq¯
q −
√
2
3
δql S
)
. (2.26)
Thus, S and P ql represent the pentaquark singlet and pentaquark octet, respectively.
2. 6⊗ 3
When the two diquarks are in 3⊗ 3 or in 6⊗ 6, they can form 6. In this case, we have antidecuplet and octet as
6⊗ 3 = 10⊕ 8. (2.27)
This is the only case where we can form the antidecuplet. In other words, antidecuplet baryons can be formed only
when both diquarks are in 3 or the both are in 6.
For Sij or T ij of (0, 2) type for the four-quark system, which we write as Sij in general, we have
Sij q¯q =
1√
3
{
T ijq +
(
ǫljqP il + ǫ
liqP jl
)}
, (2.28)
where
T ijk =
1√
3
(
Sij q¯k + Sik q¯j + Sjk q¯i
)
,
P il =
1√
3
ǫlabS
iaq¯b, (2.29)
which represent the pentaquark antidecuplet and pentaquark octet, respectively.
3. 151 ⊗ 3
If both of the two diquarks are in 6, then one can form four-quark in 15-plet of (4, 0) type, which is represented by
Tijkl. Since
151 ⊗ 3 = 35⊕ 10, (2.30)
we can form pentaquark 35 and 10. Note also that this is the only combination that gives rise to pentaquark 35-plet.
Explicitly, we have
Tijkl q¯
q = T qijkl +
1√
6
(
δqi δ
b
jδ
c
kδ
d
l + δ
q
j δ
b
i δ
c
kδ
d
l + δ
q
kδ
b
i δ
c
jδ
d
l + δ
q
l δ
b
i δ
c
jδ
d
k
)
Dbcd, (2.31)
where
Dijk =
1√
6
Tijkl q¯
l,
T aijkl = Tijkl q¯
a − 1√
6
(
δaiDjkl + δ
a
jDikl + δ
a
kDijl + δ
a
l Dijk
)
. (2.32)
4. 152 ⊗ 3
The 152 multiplet of two diquark system can be formed when one of the diquarks is in 6 and the other diquark in
3. Since
152 ⊗ 3 = 27⊕ 10⊕ 8, (2.33)
8the 27-plet can be formed only in this case. Explicitly, if we write T ikl for T
i
kl, T˜
i
kl, and S
i
kl, we obtain
T iklq¯
q =
√
2T iqkl +
√
2
3
ǫiqmDmkl +
4√
15
(
δql δ
b
k + δ
b
l δ
q
k
)
P ib −
1√
15
(
δilδ
b
k + δ
b
l δ
i
k
)
P qb , (2.34)
where
P ij =
1√
15
T ijk q¯
k,
Djkl =
1√
24
(
ǫjabT
a
klq¯
b + ǫkabT
a
jlq¯
b + ǫlabT
a
jk q¯
b
)
,
T ijkl =
1
2
√
2
(
T iklq¯
j + T jklq¯
i
)
− 1
10
√
2
(
δilP
j
k + δ
j
l P
i
k + δ
i
kP
j
l + δ
j
kP
i
l
)
. (2.35)
5. Inner products
The results for the pentaquark multiplets obtained in this Section are summarized in Table III. Using the expressions
given above, it is now straightforward to check the traceless conditions, P ii = T
ij
ik = T
i
ijkl = 0. Furthermore, the inner
products are obtained as
(S, S) = 1, (2.36)
(P ij , P
k
l ) = δ
ikδjl − 1
3
δijδ
k
l , (2.37)
(Dijk, Dlmn) = (Sij , Slm) δkn + (Sij , Sln) δkm + (Sij , Smn) δkl, (2.38)
(T ijk, T lmn) = (Sij , Slm) δkn + (Sij , Sln) δkm + (Sij , Smn) δkl, (2.39)
(T ijkl , T
pq
rs ) = (S
ij , Spq) (Skl, Srs)− 1
5
(
δjpδqr + δ
jqδpr
) (
δikδls + δ
i
lδks
)
− 1
5
(
δipδqr + δ
iqδpr
) (
δjkδls + δ
j
l δks
)
− 1
5
(
δjpδqs + δ
jqδps
) (
δikδlr + δ
i
lδkr
)
− 1
5
(
δipδqs + δ
iqδps
) (
δjkδlr + δ
j
l δkr
)
+
1
10
(
δikδ
j
l + δ
i
lδ
j
k
)
(δpr δ
q
s + δ
p
sδ
q
r) ,
(2.40)
(T aijkl, T
b
pqrs) = δ
ab {(Sij , Spq) (Skl, Srs) + (Sij , Sqr) (Skl, Sps) + (Sij , Sps) (Skl, Sqr)
+(Sij , Spr) (Skl, Sqs) + (Sij , Sqs) (Skl, Spr) + (Sij , Srs) (Skl, Spq)}
− 1
6
δai
{
δbp(Djkl, Dqrs) + δ
b
q(Djkl, Dprs) + δ
b
r(Djkl, Dpqs) + δ
b
s(Djkl, Dpqr)
}
− 1
6
δaj
{
δbp(Dikl, Dqrs) + δ
b
q(Dikl, Dprs) + δ
b
r(Dikl, Dpqs) + δ
b
s(Dikl, Dpqr)
}
− 1
6
δak
{
δbp(Dijl, Dqrs) + δ
b
q(Dijl, Dprs) + δ
b
r(Dijl, Dpqs) + δ
b
s(Dijl, Dpqr)
}
− 1
6
δal
{
δbp(Dijk, Dqrs) + δ
b
q(Dijk , Dprs) + δ
b
r(Dijk, Dpqs) + δ
b
s(Dijk, Dpqr)
}
,
(2.41)
where
(Sij , Skl) = δikδjl + δilδjk,
(Sij , Skl) = δikδjl + δilδjk. (2.42)
With these informations, we are ready to match the states with the physical baryons.
9irreducible tensor type notation source (two diquark state)
S (0, 0) 1 3
P ij (1, 1) 8 3, 6, 152
Dijk (3, 0) 10 151, 152
T ijk (0, 3) 10 6
T ijkl (2, 2) 27 152
T aijkl (4, 1) 35 151
TABLE III: Representations of the pentaquark multiplets.
III. FLAVOR WAVE FUNCTIONS OF PENTAQUARK BARYONS
Now we identify the tensor representations for pentaquark baryons obtained so far with the physical baryon states.
We first present our nomenclature for pentaquark particles. Based on its hypercharge, we name the baryon as
Y = 2 Θ,
Y = 1 N,∆,
Y = 0 Σ,Λ,
Y = −1 Ξ,
Y = −2 Ω,
Y = −3 X, (3.1)
where we denote the Y = −3 particle as X following Ref. [92]. We denote the isospin of the particle and the multiplet
which it belongs to as subscripts, for example,
Σ35,2 (3.2)
represents a particle of 35-plet with hypercharge 0 and isospin 2. In the case that the isospin or the multiplet is clear,
we drop such subscripts as in Θ+. The superscript is reserved for the charge.
In tensor representation, the number of lower indices of T
b1,...,bq
a1,...,ap is p and that of upper indices is q. Now suppose
that among its lower indices the numbers of 1’s, 2’s, and 3’s are p1, p2, and p3, respectively, and that among upper
indices it has q1 1’s, q2 2’s, and q3 3’s. Then we have p1 + p2 + p3 = p and q1 + q2 + q3 = q. The irreducible tensor is
an eigenstate of hypercharge Y and the third component of isospin I3 with the eigenvalues [93]
Y = p1 − q1 + p2 − q2 − 2
3
(p− q),
I3 =
1
2
(p1 − q1)− 1
2
(p2 − q2). (3.3)
The charge of the particle is obtained from the Gell-Mann–Nishijima formula, Q = I3 + Y/2. By this way, we can
match the SU(3) tensors to the physical baryon states. We summarize the pentaquark particles in Table IV.
A. Singlet
The pentaquark singlet is given by
S =
1√
6
Tmq¯
m, (3.4)
which is normalized as (S, S) = 1, where Tm stands for Tm, Qm, and Q˜m defined in Eqs. (2.10), (2.12), and (2.14),
respectively. This is identified as
S = −Λ01, (3.5)
where the phase is chosen to be consistent with the tables of de Swart [94], i.e., the conventional phase.
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multiplet hypercharge isospin particle
1 0 0 Λ01
8 1 1/2 N+8 , N
0
8
0 1 Σ+8 ,Σ
0
8,Σ
−
8
0 0 Λ08
−1 1/2 Ξ08,Ξ
−
8
10 1 3/2 ∆++10 ,∆
+
10,∆
0
10,∆
−
10
0 1 Σ+10,Σ
0
10,Σ
−
10
−1 1/2 Ξ010,Ξ
−
10
−2 0 Ω−10
10 2 0 Θ+
1 1/2 N+
10
, N0
10
0 1 Σ+
10
,Σ0
10
,Σ−
10
−1 3/2 Ξ+
10,3/2
, Ξ0
10,3/2
, Ξ−
10,3/2
, Ξ−−
10,3/2
27 2 1 Θ++1 ,Θ
+
1 ,Θ
0
1
1 3/2 ∆++27 , ∆
+
27, ∆
0
27, ∆
−
27
1 1/2 N+27, N
0
27
0 2 Σ++27,2, Σ
+
27,2, Σ
0
27,2, Σ
−
27,2, Σ
−−
27,2
0 1 Σ+27, Σ
0
27, Σ
−
27
0 0 Λ027
−1 3/2 Ξ+
27,3/2, Ξ
0
27,3/2, Ξ
−
27,3/2, Ξ
−−
27,3/2
−1 1/2 Ξ027, Ξ
−
27
−2 1 Ω027,1, Ω
−
27,1, Ω
−−
27,1
35 2 2 Θ+++2 , Θ
++
2 , Θ
+
2 , Θ
0
2, Θ
−
2
1 5/2 ∆+++
5/2
, ∆++
5/2
, ∆+
5/2
, ∆05/2, ∆
−
5/2
, ∆−−
5/2
1 3/2 ∆++35 , ∆
+
35, ∆
0
35, ∆
−
35
0 2 Σ++35,2, Σ
+
35,2, Σ
0
35,2, Σ
−
35,2, Σ
−−
35,2
0 1 Σ+35, Σ
0
35, Σ
−
35
−1 3/2 Ξ+
35,3/2, Ξ
0
35,3/2, Ξ
−
35,3/2, Ξ
−−
35,3/2
−1 1/2 Ξ035,Ξ
−
35
−2 1 Ω035,1, Ω
−
35,1, Ω
−−
35,1
−2 0 Ω−35
−3 1/2 X−, X−−
TABLE IV: Pentaquark baryons
B. Octet
The weight diagram for pentaquark octet is shown in Fig. 4. The octet tensor P ij then represent the particles as
follows,
P 31 = N
+
8 , P
3
2 = N
0
8 , P
2
1 = Σ
+
8 ,
P 12 = Σ
−
8 , P
1
1 = 1/
√
2Σ08 + 1/
√
6Λ08, P
2
2 = −1/
√
2Σ08 + 1/
√
6Λ08,
P 33 = −
√
2/3Λ08, P
2
3 = Ξ
0
8, P
1
3 = −Ξ−8 . (3.6)
The mixed states P 11 , P
2
2 , and P
3
3 are decomposed of the physical states as follows [93, 95, 96]. This is well-known,
but here we give the procedure as a pedagogic example. First, we note that the inner product of the octet members
is
(P ij , P
k
l ) = δ
ikδjl − 1
3
δijδ
k
l . (3.7)
With this normalization, we can see that all the off-diagonal components are already normalized to one. For diagonal
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FIG. 4: Weight diagram for pentaquark octet.
FIG. 5: Weight diagram for pentaquark decuplet.
components, we have
(P 11 , P
1
1 ) = (P
2
2 , P
2
2 ) = (P
3
3 , P
3
3 ) =
2
3
,
(P 11 , P
2
2 ) = (P
2
2 , P
3
3 ) = (P
3
3 , P
1
1 ) = −
1
3
. (3.8)
Here, one can find that P 33 does not contain Σ
0
8 part. This can be seen from the fact that by isospin lowering or
raising, P 33 cannot be obtained from Σ
+
8 or Σ
−
8 , which are P
2
1 and P
1
2 . Then we have
P 33 = −
√
2
3
Λ08, (3.9)
with the conventional sign choice. In order to know P 11 and P
2
2 , we write
P 11 = a1Σ
0
8 + b1Λ
0
8, P
2
2 = a2Σ
0
8 + b2Λ
0
8. (3.10)
Then the traceless condition reads
a1 + a2 = 0, b1 + b2 −
√
2
3
= 0. (3.11)
With the above condition and taking the inner products, one can obtain that
a1 = −a2 = 1/
√
2, b1 = b2 = 1/
√
6. (3.12)
Note that the phase convention for a1,2 is chosen to be consistent with the tables of de Swart [94].
C. Decuplet
In the case of decuplet, we have
D111 =
√
6∆++10 , D112 =
√
2∆+10, D122 =
√
2∆010,
D222 =
√
6∆−10, D113 =
√
2Σ+10, D123 = −Σ010,
D223 = −
√
2Σ−10, D133 =
√
2Ξ010, D233 =
√
2Ξ−10,
D333 = −
√
6Ω−10. (3.13)
Its weight diagram is shown in Fig. 5.
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FIG. 6: Weight diagram for pentaquark antidecuplet.
FIG. 7: Weight diagram for pentaquark 27-plet.
D. Antidecuplet
As can be seen from its weight diagram (Fig. 6), antidecuplet wave functions can also be read from those for
decuplet baryons. We have
T 111 =
√
6Ξ−−
10,3/2
, T 112 = −
√
2Ξ−
10,3/2
, T 122 =
√
2Ξ0
10,3/2
,
T 222 = −
√
6Ξ+
10,3/2
, T 113 =
√
2Σ−
10
, T 123 = −Σ0
10
,
T 223 = −
√
2Σ+
10
, T 133 =
√
2N0
10
, T 233 = −
√
2N+
10
,
T 333 =
√
6Θ+. (3.14)
The observed Θ(1540) is identified as a member of antidecuplet. Although it has to be confirmed by other ex-
periments, Ξ(1862) is interpreted as Ξ10,3/2. The nucleon analog N10, however, is not identified yet. Several ideas
which suggest N(1710) or N(1440) as a pure antidecuplet [46] or a mixture of octet and antidecuplet [60] have been
advocated. However, N(1710) cannot be a pure antidecuplet member because of its large coupling to ∆π [61], and
OZI rule in the ideally mixed pentaquark octet and antidecuplet also prohibits the coupling of the nucleon analog
with ∆π [62, 63], which excludes N(1440) as a pentaquark state. If this is true, the nucleon analog N8 or N10 has
not been found yet.4 In Ref. [97], a possible way to search for Σ10 is discussed.
E. 27-plet
As can be read from its weight diagram (Fig. 7), the 27-plet contains two Y = 1 baryons with isospin 1/2 and 3/2,
three Y = 0 baryons with isospin 2, 1, and 0, and two Y = −1 baryons with isospin 1/2 and 3/2. Such mixed states
can be classified by the method described in the previous subsection with the inner products of pentaquark states
obtained in Sect. II. As an example, let us consider the Y = 0 and I3 = 0 states, which are T
11
11 , T
12
12 , T
13
13 , T
22
22 , T
23
23 ,
4 It is interesting to note that SPHINX Collaboration claimed the existence of X(2000) which has hidden strangeness [42].
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T 3333 . These can be written in terms of the physical states, Σ
0
27,2, Σ
0
27, and Λ
0
27, as
T 1111 = a1Σ
0
27,2 + b1Σ
0
27 + c1Λ27,
T 1212 = a2Σ
0
27,2 + b2Σ
0
27 + c2Λ27,
T 1313 = a3Σ
0
27,2 + b3Σ
0
27 + c3Λ27,
T 2222 = a4Σ
0
27,2 + b4Σ
0
27 + c4Λ27,
T 2323 = a5Σ
0
27,2 + b5Σ
0
27 + c5Λ27,
T 3333 = a6Σ
0
27,2 + b6Σ
0
27 + c6Λ27. (3.15)
First, we note that T 3333 has isospin 0. So we have a6 = b6 = 0. The inner product relation (2.40) gives
(T 3333 , T
33
33 ) =
6
5
, (3.16)
which leads to c6 =
√
6
5 . We also have the inner products,
(T 1111 , T
33
33 ) =
2
5
, (T 1212 , T
33
33 ) =
1
5
, (T 1313 , T
33
33 ) = −
3
5
,
(T 2222 , T
33
33 ) =
2
5
, (T 2323 , T
33
33 ) = −
3
5
, (3.17)
which allow us to fix the values of ci. The other inner products are
(T 1111 , T
11
11 ) =
6
5
, (T 1212 , T
12
12 ) =
7
10
, (T 1313 , T
13
13 ) =
7
10
, (T 2222 , T
22
22 ) =
6
5
,
(T 2323 , T
23
23 ) =
7
10
, (T 1111 , T
12
12 ) = −
3
5
, (T 1111 , T
13
13 ) = −
3
5
, (T 1111 , T
22
22 ) =
2
5
,
(T 1111 , T
23
23 ) =
1
5
, (T 1212 , T
13
13 ) = −
1
10
, (T 1212 , T
22
22 ) = −
3
5
, (T 1212 , T
23
23 ) = −
1
10
,
(T 1313 , T
22
22 ) =
1
5
, (T 1313 , T
23
23 ) = −
1
10
, (T 2222 , T
23
23 ) = −
3
5
. (3.18)
Together with the traceless condition T ijik = 0, which gives
a1 + a2 + a3 = a2 + a4 + a5 = b1 + b2 + b3 = b2 + b4 + b5 = 0, (3.19)
and the fact that T 2313 is the Σ
+
27 state, which implies that T
12
12 does not contain Σ
0
27 state as it cannot be obtained
from T 2313 by isospin lowering operator, the above relations fix the constants ai, bi, and ci as given below.
After taking the conventional phase choice [94], we obtain as follows.
• Y = 2, I = 1
T 3311 = −2Θ++1 , T 3312 =
√
2Θ+1 , T
33
22 = 2Θ
0
1, (3.20)
• Y = 1, I = 3/2, 1/2
T 2311 = −
√
2∆++27 , T
13
11 =
√
2
3
∆+27 +
√
8
15
N+27, T
23
12 = −
√
2
3
∆+27 +
√
2
15
N+27,
T 3313 = −
√
6
5
N+27, T
13
12 =
√
2
3
∆027 +
√
2
15
N027, T
23
22 = −
√
2
3
∆027 +
√
8
15
N027,
T 3323 = −
√
6
5
N027, T
13
22 =
√
2∆−27, (3.21)
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FIG. 8: Weight diagram for pentaquark 35-plet.
• Y = 0, I = 2, 1, 0
T 2211 = 2Σ
++
27,2, T
12
11 = −Σ+27,2 +
1√
5
Σ+27, T
22
12 = Σ
+
27,2 +
1√
5
Σ+27,
T 2313 = −
2√
5
Σ+27, T
11
11 =
√
2
3
Σ027,2 +
√
2
5
Σ027 +
√
2
15
Λ027,
T 1212 = −
√
2
3
Σ027,2 +
1√
30
Λ027, T
13
13 = −
√
2
5
Σ027 −
√
3
10
Λ027,
T 2222 =
√
2
3
Σ027,2 −
√
2
5
Σ027 +
√
2
15
Λ027, T
23
23 =
√
2
5
Σ027 −
√
3
10
Λ027,
T 3333 =
√
6
5
Λ027, T
11
12 = Σ
−
27,2 +
√
1
5
Σ−27, T
12
22 = −Σ−27,2 +
√
1
5
Σ−27,
T 1323 = −
2√
5
Σ−27, T
11
22 = 2Σ
−−
27,2, (3.22)
• Y = −1, I = 3/2, 1/2
T 2213 = −
√
2Ξ+27,3/2, T
12
13 =
√
2
3
Ξ027,3/2 +
√
2
15
Ξ027,
T 2223 = −
√
2
3
Ξ027,3/2 +
√
8
15
Ξ027, T
23
33 = −
√
6
5
Ξ027,
T 1113 = −
√
2
3
Ξ−27,3/2 −
√
8
15
Ξ−27, T
12
23 =
√
2
3
Ξ−27,3/2 −
√
2
15
Ξ−27,
T 1333 =
√
6
5
Ξ−27, T
11
23 = −
√
2Ξ−−27,3/2, (3.23)
• Y = −2, I = 1
T 2233 = −2Ω027,1, T 1233 = −
√
2Ω−27,1, T
11
33 = 2Ω
−−
27,1. (3.24)
F. 35-plet
The weight diagram for 35-plet is given in Fig. 8 and the members are identified as follows.
• Y = 2, I = 2
T 31111 = 2
√
6Θ+++2 , T
3
1112 =
√
6Θ++2 , T
3
1122 = 2Θ
+
2 ,
T 31222 =
√
6Θ02, T
3
2222 = 2
√
6Θ−2 , (3.25)
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• Y = 1, I = 5/2, 3/2
T 21111 = −2
√
6∆+++5/2 , T
1
1111 = 2
√
6
5
∆++5/2 +
4√
5
∆++35 ,
T 21112 = −2
√
6
5
∆++5/2 +
1√
5
∆++35 , T
3
1113 = −
√
5∆++35 ,
T 11112 = 2
√
3
5
∆+5/2 +
√
3
5
∆+35, T
2
1122 = −2
√
3
5
∆+5/2 +
2√
15
∆+35,
T 31123 = −
√
5
3
∆+35, T
1
1122 = 2
√
3
5
∆05/2 +
2√
15
∆035,
T 21222 = −2
√
3
5
∆05/2 +
√
3
5
∆035, T
3
1223 = −
√
5
3
∆035,
T 11222 = 2
√
6
5
∆−5/2 +
1√
5
∆−35, T
2
2222 = −2
√
6
5
∆−5/2 +
4√
5
∆−35,
T 32223 = −
√
5∆−35, T
1
2222 = 2
√
6∆−−5/2 (3.26)
• Y = 0, I = 2, 1
T 21113 = −
√
6Σ++35,2, T
1
1113 =
√
3
2
Σ+35,2 +
√
3
2
Σ+35,
T 21123 = −
√
3
2
Σ+35,2 +
√
1
6
Σ+35, T
3
1133 = −
√
8
3
Σ+35,
T 11123 = Σ
0
35,2 +
√
1
3
Σ035, T
2
1223 = −Σ035,2 +
√
1
3
Σ035,
T 31233 = −
√
4
3
Σ035, T
1
1223 =
√
3
2
Σ−35,2 +
√
1
6
Σ−35,
T 22223 = −
√
3
2
Σ−35,2 +
√
3
2
Σ−35, T
3
2233 = −
√
8
3
Σ−35,
T 12223 =
√
6Σ−−35,2. (3.27)
• Y = −1, I = 3/2, 1/2
T 21133 = −2Ξ+35,3/2, T 11133 =
√
4
3
Ξ035,3/2 +
√
4
3
Ξ035,
T 21233 = −
√
4
3
Ξ035,3/2 +
√
1
3
Ξ035, T
3
1333 = −
√
3Ξ035,
T 11233 =
√
4
3
Ξ−35,3/2 +
√
1
3
Ξ−35, T
2
2233 = −
√
4
3
Ξ−35,3/2 +
√
4
3
Ξ−35,
T 32333 = −
√
3Ξ−35, T
1
2233 = 2Ξ
−−
35,3/2 (3.28)
• Y = −2, I = 1, 0
T 21333 = −
√
6Ω035,1, T
1
1333 = −
√
3Ω−35,1 −
√
2Ω−35,
T 22333 =
√
3Ω−35,1 −
√
2Ω−35, T
3
3333 = 2
√
2Ω−35, T
1
2333 = −
√
6Ω−−35,1. (3.29)
• Y = −3, I = 1/2
T 23333 = −
√
24X−, T 13333 =
√
24X−−. (3.30)
As we have identified the pentaquark irreducible tensors with the physical baryon states, it is straightforward to
obtain their flavor wave functions. For example, the flavor wave function of the singlet state, Λ01, is obtained as
Λ01 = −
c1√
6
Tmq
m − c2√
6
Qmq
m − c3√
6
Q˜mq
m, (3.31)
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where Tm, Qm, and Q˜m are defined in Eqs. (2.10), (2.12), and (2.14). By noting that q1 = u, q2 = d, and q3 = s,
one can explicitly write down the wave function in terms of quark flavors. The coefficients ci are constrained as
c21 + c
2
2 + c
2
3 = 1. The octet, however, has eight coefficients as
P ij =
c1√
2
(
Tjq
i − 1
3
δijTmq
m
)
+
c2√
2
(
Qjq
i − 1
3
δijQmq
m
)
+
c3√
2
(
Q˜jq
i − 1
3
δijQ˜mq
m
)
+
c4√
3
ǫjabS
iaqb +
c5√
3
ǫjabT
iaqb +
c6√
15
T ijkq
k +
c7√
15
T˜ ijkq
k +
c8√
15
Sijkq
k. (3.32)
The flavor wave functions of other multiplets are obtained as
Dijk =
c1√
6
Tijklq
l +
c2√
24
(
ǫiabT
a
jkq
b + ǫjabT
a
kiq
b + ǫkabT
a
ijq
b
)
+
c3√
24
(
ǫiabT˜
a
jkq
b + ǫjabT˜
a
kiq
b + ǫkabT˜
a
ijq
b
)
+
c4√
24
(
ǫiabS
a
jkq
b + ǫjabS
a
kiq
b + ǫkabS
a
ijq
b
)
, (3.33)
T ijk =
c1√
3
(
Sijqk + Sjkqi + Skiqj
)
+
c2√
3
(
T ijqk + T jkqi + T kiqj
)
, (3.34)
T ijkl = c1
{
1
2
√
2
(
T iklq¯
j + T jklq¯
i
)
− 1
10
√
30
(
δilT
j
kmq
m + δjl T
i
kmq
m + δikT
j
lmq
m + δjkT
i
lmq
m
)}
+ c2
{
1
2
√
2
(
T˜ iklq¯
j + T˜ jklq¯
i
)
− 1
10
√
30
(
δil T˜
j
kmq
m + δjl T˜
i
kmq
m + δikT˜
j
lmq
m + δjkT˜
i
lmq
m
)}
+ c3
{
1
2
√
2
(
Siklq¯
j + Sjklq¯
i
)
− 1
10
√
30
(
δilS
j
kmq
m + δjl S
i
kmq
m + δikS
j
lmq
m + δjkS
i
lmq
m
)}
, (3.35)
T aijkl = Tijkl q¯
a − 1
6
(
δai Tjklmq¯
m + δaj Tiklmq¯
m + δakTijlmq¯
m + δal Tijkm q¯
m
)
, (3.36)
where Sij , Ti, Qi, T
i
jk, Q˜i, T˜
i
jk, T
ij, Sijk, and Tijkl are defined in Eqs. (2.10), (2.12), (2.14), and (2.16). This is
consistent with the fact that
3⊗ 3⊗ 3⊗ 3⊗ 3 = 35⊕ (3)27⊕ (2)10⊕ (4)10⊕ (8)8⊕ (3)1, (3.37)
where the numbers in parentheses are the number of multiplicity. Here, we do not give the full list of the pentaquark
wave function explicitly in terms of u, d, and s quarks, since they can be read directly from the results presented in
this Section. The coefficients ci are to be determined by quark dynamics. For example, in the case of antidecuplet,
Jaffe-Wilczek model favors 3 structure of a diquark, hence c2 = 0 [60, 62], while c2 6= 0 in SU(3) quark model of
Carlson et al. [88]. Furthermore, if the diquark inside pentaquark baryons cannot form 6, the pentaquark 10, 27,
and 35 are hard to be observed in the diquark-diquark-antiquark model. Therefore, observation of other pentaquark
states in higher multiplets will help us to understand the structure of pentaquark baryons.
IV. INTERACTIONS OF PENTAQUARK BARYONS
With the wave functions of pentaquark baryons constructed in the previous Section, we now consider the SU(3)
symmetric interaction Lagrangian of pentaquark baryons. In this paper, we first consider pentaquark interactions
with three-quark baryons and meson octet. Then we establish the pentaquark interactions with (other) pentaquarks
and meson octet. Some of the results presented in this Section can be read from the tables of Ref. [94], which,
however, does not give all relations for pentaquark-pentaquark interactions. Since we are interested in the flavor
SU(3) symmetric structure of the interactions and the spin-parity of pentaquark baryons is yet to be determined, we
drop the Lorenz structure in this study.
A. Interactions with 3-quark octet and meson octet
We first consider the pentaquark interactions with normal baryon octet (83) and meson octet (8M ). In this case,
we note that
8⊗ 8 = 27⊕ 10⊕ 10⊕ 81 ⊕ 82 ⊕ 1. (4.1)
17
The SU(3)-invariant interactions can be obtained by constructing SU(3) singlet. In tensor notation, it is achieved by
fully contracting the upper and lower indices of the three tensors representing two baryon multiplets and meson octet.
When the number of upper indices does not match that of lower indices, the Levi-Civita tensors ǫijk are introduced
to make the interactions fully contracted. In this construction, 35-8-8 cannot be SU(3)-invariant and the 35-plet
cannot couple to 3-quark octet and meson octet. This property of the 35-plet would be useful to identify the 35-plet
members in experiments.
The 3-quark baryon octet and meson octet read
B31 = p, B
3
2 = n, B
2
1 = Σ
+,
B12 = Σ
−, B11 = 1/
√
2Σ0 + 1/
√
6Λ0, B22 = −1/
√
2Σ0 + 1/
√
6Λ0,
B33 = −
√
2/3Λ0, B23 = Ξ
0, B13 = −Ξ−, (4.2)
and
M31 = K
+, M32 = K
0, M21 = π
+,
M12 = π
−, M11 = 1/
√
2π0 + 1/
√
6η, M22 = −1/
√
2π0 + 1/
√
6η,
M33 = −
√
2/3η, M23 = K¯
0, M13 = K
−. (4.3)
It is also useful to define isospin multiplets as
N =
(
p
n
)
, Ξ =
(
Ξ0
Ξ−
)
, K =
(
K+
K0
)
, Kc =
(
K¯0
−K−
)
,
K = (K−, K¯0), Kc = (K
0, −K+), Σ = (Σ+,Σ0,Σ−)T ,
τ ·Σ =
(
Σ0
√
2Σ+√
2Σ− −Σ0
)
, τ · pi =
(
π0
√
2π+√
2π− −π0
)
. (4.4)
We now construct the SU(3)-invariant Lagrangian for pentaquark baryons up to the universal coupling constants.
The pentaquark baryon fields, S, P ji , Dijk, T
ijk, T klij , and T
a
ijkl are defined in Section III.
1. 1-83
We start by considering the interaction of pentaquark singlet with (three-quark) baryon octet and meson octet.
There is only one possible way to contract the upper and lower indices in this case and the SU(3) invariant Lagrangian
reads
L1-83 = g1-83S BikMki + (H.c.). (4.5)
Using Eqs.(3.5), (4.2), and (4.3), we obtain
L1-83/g1-83 = −Λ
0
1
(
KN +Kc Ξ +Σ · pi + Λ η
)
+ (H.c.), (4.6)
where
Σ · pi = Σ+π− +Σ0π0 +Σ−π+, (4.7)
and the isospin multiplets are defined in Eq. (4.4).
2. 8-83
For the interaction of pentaquark octet and normal baryon octet and meson octet, there are two possible ways
to contract the upper and lower indices. This is equivalent to the well-known f - and d-type interactions and the
interaction Lagrangian reads
L8-83/g8-83 = (d+ f)P¯ liBikMkl + (d− f)P¯ liBkl M ik + (H.c.). (4.8)
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Using identification of the pentaquark octet given in Sect. III and Eqs. (4.2) and (4.3), we obtain
L8-83/g8-83 =
1√
2
(d+ f)N8τ · piN −
1√
6
(d− 3f)N8N η −
1√
6
(d+ 3f)N8KΛ
0
+
1√
2
(d− f)N8τ ·ΣK − i
√
2f
(
Σ8 ×Σ
) · pi +√2
3
dΣ8Σ η
+
√
2
3
dΣ8 · pi Λ0 − 1√
2
(d+ f)KcΣ8 · τ Ξ + 1√
2
(d− f)KΣ8 · τN
+
√
2
3
dΛ
0
8Σ · pi −
√
2
3
dΛ
0
8 Λ
0 η − 1√
6
(d− 3f) Λ08KcΞ
− 1√
6
(d+ 3f) Λ
0
8KN −
1√
2
(d− f) Ξ8τ · pi Ξ
− 1√
6
(d+ 3f) Ξ8Ξ η − 1√
2
(d+ f) Ξ8τ ·ΣKc − 1√
6
(d− 3f) Ξ8KcΛ0
+ (H.c.), (4.9)
where the isospin multiplets of 83 are defined as in Eq. (4.4) and
−i (Σ8 ×Σ) · pi = Σ+8 (Σ+π0 − Σ0π+)+Σ08 (Σ−π+ − Σ+π−)+Σ−8 (Σ0π− − Σ−π0) ,
Σ8 ·Σ = Σ+8 Σ+ +Σ
0
8Σ
0 +Σ
−
8 Σ
−. (4.10)
In Refs. [62, 63], it has been claimed that the OZI rule leads to f/d = 1/3 within the ideal mixing of pentaquark
octet and antidecuplet.
3. 10-83
The SU(3) interaction Lagrangian of pentaquark decuplet with the normal baryon octet and meson octet can be
constructed as
L10-83 = g10-83 ǫijkD
jlm
BilM
k
m + (H.c.). (4.11)
Since the number of the upper indices is not the same with that of the lower indices, ǫijk has been introduced to form
the fully contracted interaction. Other possible contractions are equivalent to Eq. (4.11) up to an overall sign.
Noting that the indices of the pentaquark decuplet are symmetric, we work out all the contractions and find
L10-83/g10-83 = −
√
3∆10T (
3
2 ,
1
2 ) · piN +
√
3∆10T (
3
2 ,
1
2 ) ·ΣK +KΣ10 · τN
− i (Σ10 ×Σ) · pi +√3Σ10Σ η −√3Σ10 · piΛ0
+KcΣ10 · τ Ξ− Ξ10τ ·ΣKc + Ξ10τ · pi Ξ
+
√
3Ξ10Ξ η −
√
3Ξ10Kc Λ
0 −
√
6Ω
−
10K¯ Ξ+ (H.c.), (4.12)
where
∆10 = (∆
++
10 , ∆
+
10, ∆
0
10, ∆
−
10)
T . (4.13)
The other isospin multiplets are defined as in Eq. (4.4) and
T (32 ,
1
2 ) · pi = −T
(+1)
3/2,1/2π
+ + T
(−1)
3/2,1/2π
− + T
(0)
3/2,1/2π
0, (4.14)
with
T
(+1)
3
2 ,
1
2
=
1√
3

√
6 0
0
√
2
0 0
0 0
 , T (0)32 , 12 = 1√3

0 0
2 0
0 2
0 0
 , T (−1)32 , 12 = 1√3

0 0
0 0√
2 0
0
√
6
 . (4.15)
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Therefore, for example,
∆10 T (
3
2 ,
1
2 ) · piN = −
√
2∆
++
10 N
+π+ −
√
2
3
∆
+
10
(
N0π+ −
√
2N+π0
)
+
√
2
3
∆
0
10
(
N+π− +
√
2N0π0
)
+
√
2∆
−
10N
0π−. (4.16)
In a similar way, one can calculate ∆10T (
3
2 ,
1
2 ) ·ΣK. The generalized isospin matrices are defined as [98]
T (ρ)νµ (I
′, I) =
√
(2I ′ + 1)(2I + 1)
3
(−1)I−µ 〈I ′νI − µ|1ρ〉 (4.17)
in the spherical basis.
4. 10-83
The SU(3) symmetric Lagrangian for this interaction was reported in Ref. [61], which reads
L
10-83 = g10-83 ǫ
ilmT ijkB
j
lM
k
m + (H.c.). (4.18)
Then we have [63]
L
10-83/g10-83 = −
√
6Θ
+
KcN −N10τ · piN +
√
3N10N η
−
√
3N10KΛ
0 +N10τ ·ΣK + i
(
Σ10 ×Σ
) · pi
−
√
3Σ10 · piΛ0 +
√
3Σ10Σ η −KcΣ10 · τ Ξ
−KΣ10 · τN −
√
3Ξ10T (
3
2 ,
1
2 ) · piΞ +
√
3Ξ10T (
3
2 ,
1
2 ) ·ΣKc
+ (H.c.), (4.19)
where
Ξ10 = (Ξ
+
10
, Ξ0
10
, Ξ−
10
, Ξ−−
10
)T . (4.20)
Note that
Θ
+
KcN = Θ
+ (
pK0 − nK+) , (4.21)
so that it has a relative negative sign for the Θ+ decays into proton and neutron.
The universal coupling constant can be estimated from the decay width of Θ+(1540) as
g2
10-83 =
πMΘΓΘ
3|pK |(
√
M2N + p
2
K ∓MN )
(4.22)
where MΘ and ΓΘ are the mass and decay width of Θ
+(1540), respectively, and pK is the momentum of kaon in the
Θ+ rest frame. The upper and lower sign correspond to the case when the parity of Θ+ is even and odd. Numerically,
we have g2
10-83
= ΓΘ/(6.19 MeV) for the case that Θ(1540) has even-parity, which gives g
10-83
= 0.4 if ΓΘ = 1 MeV
is used, and 0.9 if ΓΘ = 5 MeV. If Θ(1540) has odd-parity, then we have g
2
10-83
= ΓΘ/(318.2 MeV), which gives
g
10-83
= 0.056 and 0.125 for ΓΘ = 1 MeV and 5 MeV, respectively. We refer to Refs. [99–101] for detailed discussions
on the decay width of Θ+(1540).
5. 27-83
In this case, the interaction can be written as
L27-83 = g27-83 T
kl
ijB
i
kM
j
l + (H.c.). (4.23)
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Again, because of symmetric upper and lower indices of T
kl
ij , other possible contractions are not independent from
the above expression. In terms of the physical baryon states, we have
L27-83/g27-83 =
√
2KcΘ1 · τ N +∆27 T (32 , 12 ) · piN +∆27 T (32 , 12 ) ·ΣK
+
1√
15
N27τ · piN + 1√
15
N27τ ·ΣK + 3√
5
N27KΛ
0
+
3√
5
N27N η +
2√
3
Σ27,2T (2, 1) · piΣc −
√
2
5
KΣ27 · τN
+
√
2
5
KcΣ27 · τΞ +
√
6
5
Σ27Σ η +
√
6
5
Σ27 · piΛ0
−
√
3
10
Λ
0
27KN −
√
3
10
Λ
0
27KcΞ +
1√
30
Λ
0
27Σ · pi
+ 3
√
3
10
Λ
0
27Λ
0η + Ξ27,3/2T (
3
2 ,
1
2 ) ·ΣKc + Ξ27,3/2T (32 , 12 ) · piΞ
− 1√
15
Ξ27τ ·ΣKc − 1√
15
Ξ27τ · piΞ + 3√
5
Ξ27KcΛ
0
+
3√
5
Ξ27Ξη −
√
2KΩ27,1 · τΞ + (H.c.), (4.24)
where
Σc = (−Σ+,Σ0,Σ−)T , Ξ27,3/2 = (Ξ+27,3/2,Ξ027,3/2,Ξ−27,3/2,Ξ−−27,3/2)T ,
τ ·Θ1 =
(
Θ+1
√
2Θ++1√
2Θ01 −Θ+1
)
, τ ·Ω27,1 =
(
Ω−27,1
√
2Ω027,1√
2Ω−−27,1 −Ω−27,1
)
, (4.25)
and
T (2, 1) · pi = −T (+1)2,1 π+ + T (−1)2,1 π− + T (0)2,1π0, (4.26)
with
T
(+1)
2,1 =
1√
2

√
6 0 0
0
√
3 0
0 0 1
0 0 0
0 0 0
 , T (0)2,1 =
1√
2

0 0 0√
3 0 0
0 2 0
0 0
√
3
0 0 0
 ,
T
(−1)
2,1 =
1√
2

0 0 0
0 0 0
1 0 0
0
√
3 0
0 0
√
6
 . (4.27)
Thus,
Σ27,2T (2, 1) · piΣc =
√
3Σ
++
27,2Σ
+π+ −
√
3
2
Σ
+
27,2
(
Σ0π+ +
√
3
2
Σ+π0
)
− 1√
2
Σ
0
27,2
(
Σ−π+ − 2Σ0π0 +Σ+π−)
+
√
3
2
Σ
−
27,2
(
Σ−π0 +Σ0π−
)
+
√
3Σ
−−
27,2Σ
−π−, (4.28)
and
KcΘ1 · τ N = −
√
2Θ
++
1 pK
+ +Θ
+
1
(
K0p+K+n
)
+
√
2Θ
0
1nK
0. (4.29)
Note that Θ+1 decays into KN quite similarly as the anti-decuplet Θ
+ does except the relative sign difference
between the proton and neutron channel. This would make it difficult to disentangle the two if their mass difference
is not big enough. Thus, the decay of Θ++1 and Θ
0
1 would be useful to identify the Θ1 isomultiplet in KN channel.
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B. Interactions with 3-quark decuplet and meson octet
We now move to interactions for pentaquarks with 3-quark decuplet and meson octet. In this case, we have
10⊗ 8 = 35⊕ 27⊕ 10⊕ 8, (4.30)
so that pentaquark antidecuplet cannot couple to this channel. Therefore this can give a useful constraint in finding
antidecuplet baryons [61]. For example, N(1710) cannot be a pure antidecuplet state as we discussed before. As in
the case of pentaquark decuplet, the three-quark decuplet is represented by D
(3)
ijk as
D
(3)
111 =
√
6∆++, D
(3)
112 =
√
2∆+, D
(3)
122 =
√
2∆0,
D
(3)
222 =
√
6∆−, D
(3)
113 =
√
2Σ∗+, D
(3)
123 = −Σ∗0,
D
(3)
223 = −
√
2Σ∗−, D
(3)
133 =
√
2Ξ∗0, D
(3)
233 =
√
2Ξ∗−,
D
(3)
333 = −
√
6Ω−. (4.31)
1. 8-103
The interaction Lagrangian for pentaquark octet and normal baryon decuplet reads
L8-103 = g8-103 ǫijkP
l
iD
(3)
jlmM
m
k + (H.c.), (4.32)
which gives
L8-103/g8-103 =
√
3N8 T (
1
2 ,
3
2 ) · pi∆+N8 τ ·Σ∗K − i
(
Σ8 ×Σ∗
) · pi
+
√
3Σ8Σ
∗ η −KcΣ8 · τ Ξ∗ −
√
3KΣ8 · T (12 , 32 )∆
−
√
3Λ
0
8Σ
∗ · pi −
√
3Λ
0
8Kc Ξ
∗ + Ξ8 τ · pi Ξ∗
+
√
3Ξ8 Ξ
∗ η −
√
6Ξ8KΩ
− + Ξ8 τ ·Σ∗Kc + (H.c.), (4.33)
where
T (12 ,
3
2 ) · pi = −T
(+1)
1/2,3/2π
− + T
(−1)
1/2,3/2π
+ + T
(0)
1/2,3/2π
0, (4.34)
and
T
(+1)
1/2,3/2 = −
1√
3
( √
6 0 0 0
0
√
2 0 0
)
, T
(0)
1/2,3/2 = −
1√
3
(
0 2 0 0
0 0 2 0
)
,
T
(−1)
1/2,3/2 = −
1√
3
(
0 0
√
2 0
0 0 0
√
6
)
, (4.35)
so that
N8T (
1
2 ,
3
2 ) · pi∆ = N
+
8
(√
2∆++π− −
√
2
3
∆0π+ − 2√
3
∆+π0
)
+N
0
8
(√
2
3
∆+π− −
√
2∆−π+ − 2√
3
∆0π0
)
. (4.36)
Note that [98]
T (12 ,
3
2 ) = −T (32 , 12 )†, (4.37)
and the difference between Eqs. (4.14) and (4.34).
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2. 10-103
The interaction Lagrangian reads
L10-103 = g10-103 D
jkl
D
(3)
mklM
m
j + (H.c.), (4.38)
which leads to
L10-103/g10-103 =
√
15
2
∆10T (
3
2 ,
3
2 ) · pi∆+
√
6∆10∆ η −
√
6∆10 T (
3
2 ,
1
2 ) ·Σ∗K
− i2
√
2
(
Σ10 ×Σ∗
) · pi − 2√2KcΣ10 · τ Ξ∗ +√6KΣ10 · T (12 , 32 )∆
+
√
2Ξ10 τ · piΞ∗ −
√
6Ξ10 Ξ
∗ η − 2
√
3Ξ10K Ω
−
− 2
√
2Ξ10 τ ·Σ∗Kc − 2
√
6Ω
−
10Ω
− η − 2
√
3Ω
−
10K Ξ
∗ + (H.c.), (4.39)
where
T (32 ,
3
2 ) · pi = −T
(+1)
3/2,3/2π
+ + T
(−1)
3/2,3/2π
− + T
(0)
3/2,3/2π
0, (4.40)
and
T
(+1)
3/2,3/2 = −
4√
30

0
√
3 0 0
0 0 2 0
0 0 0
√
3
0 0 0 0
 , T (0)3/2,3/2 = 2√15

3 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −3
 ,
T
(−1)
3/2,3/2 =
4√
30

0 0 0 0√
3 0 0 0
0 2 0 0
0 0
√
3 0
 . (4.41)
Thus we have
∆10 T (
3
2 ,
3
2 ) · pi∆ =
√
6
5
∆
++
10
(√
2∆++10 π
0 +
2√
3
∆+π+
)
+
√
6
5
∆
+
10
(
2√
3
∆++π− +
√
2
3
∆+π0 +
4
3
∆0π+
)
+
√
6
5
∆
0
10
(
4
3
∆+π− −
√
2
3
∆0π0 +
2√
3
∆−π+
)
+
√
6
5
∆
−
10
(
2√
3
∆0π− −
√
2∆−π0
)
.
(4.42)
3. 27-103
The Lagrangian of this interaction reads
L27-103 = g27-103 ǫimnT
kl
ijD
(3)
mklM
j
n + (H.c.), (4.43)
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which gives
L27-103/g27-103 = −2
√
3KcΘ1 · T (12 , 32 )∆ +
√
5
2
∆27 T (
3
2 ,
3
2 ) · pi∆ − 3
√
2∆27∆ η
+
√
2∆27 T (
3
2 ,
1
2 ) ·Σ∗K +
2
√
2√
5
N27 T (
1
2 ,
3
2 ) · pi∆
− 8
√
2√
15
N27 τ ·Σ∗K − 3Σ27,2 I(2, 32 ) ·Kc∆
+
2
√
2√
3
Σ27,2 T (2, 1) · piΣ∗c − i
6√
5
(
Σ27 ×Σ∗
) · pi
+
4√
5
KcΣ27 · τ Ξ∗ − 4
√
3√
5
Σ27Σ
∗ η −
√
3
5
KΣ27 · T (12 , 32 )∆
− 8√
15
Λ
0
27Σ
∗ · pi + 4
√
15
5
Λ
0
27Kc Ξ
∗ + 2
√
2Ξ27,3/2 T (
3
2 ,
1
2 ) · piΞ∗
− 2
√
2Ξ27,3/2 T (
3
2 ,
1
2 ) ·Σ∗Kc +
7
√
2√
15
Ξ27 τ · piΞ∗ − 3
√
2√
5
Ξ27 Ξ
∗ η
+
6√
5
Ξ27K Ω
− +
2
√
2√
15
Ξ27 τ ·Σ∗Kc + 2
√
6Ω27,1 · piΩ−
+ 2KΩ27,1 · τ Ξ∗ + (H.c.), (4.44)
where
I(2, 32 ) ·Kc = I
1/2
2,3/2K
0 − I−1/22,3/2 K−, (4.45)
with
I
1/2
2,3/2 =
√
2
3

2 0 0 0
0
√
3 0 0
0 0
√
2 0
0 0 0 1
0 0 0 0
 , I−1/22,3/2 =
√
2
3

0 0 0 0
1 0 0 0
0
√
2 0 0
0 0
√
3 0
0 0 0 2
 . (4.46)
So we have
KcΘ1 · T (12 , 32 )∆ = −
√
2
3
Θ
++
1
(
∆+K+ −
√
3∆++K0
)
+
2√
3
Θ
+
1
(
∆0K+ −∆+K0)
+
√
2
3
Θ
0
1
(√
3∆−K+ −∆0K0
)
,
Σ27,2 I(2,
3
2 ) ·Kc∆ =
2
√
2√
3
Σ
++
27,2∆
++K
0 −
√
2
3
(
∆++K− −
√
3∆+K
0
)
− 2√
3
(
∆+K− −∆0K0
)
−
√
2
3
(√
3∆0K− −∆−K0
)
− 2
√
2√
3
Σ
−−
27,2∆
−K−. (4.47)
As Θ1 can decay into K∆, this decay channel can distinguish Θ
+
1 from Θ
+.
4. 35-103
The interaction Lagrangian reads
L35-103 = g35-103 T
ijkl
a D
(3)
ijkM
a
l + (H.c.), (4.48)
24
so that we have
L35-103/g35-103 =
6
√
3√
2
Θ2I(2,
3
2 ) ·K∆+ 6∆5/2T (52 , 32 ) · pi∆+
3
2
∆35T (
3
2 ,
3
2 ) · pi∆
+ 3
√
5∆35∆ η + 3
√
5∆35T (
3
2 ,
1
2 ) ·Σ∗K + 6Σ35,2T (2, 1) · piΣ∗
+
3
√
3√
2
Σ35,2I(2,
3
2 ) ·Kc∆− i
√
6
(
Σ35 ×Σ∗
) · pi + 6√2Σ35Σ∗ η
+ 2
√
6KcΣ35 · τΞ∗ + 3√
2
KΣ35 · T (12 , 32 )∆ + 6Ξ35,3/2T (32 , 12 ) · pi Ξ∗
+ 6Ξ35,3/2T (
3
2 ,
1
2 ) ·Σ∗Kc +
√
3Ξ35τ · piΞ∗ + 9Ξ35 Ξ η
+ 3
√
2Ξ35K Ω
− − 2
√
3Ξ35τ ·Σ∗Kc + 6Ω35,1 · piΩ−
− 3
√
6KΩ35,1 · τ Ξ∗ + 6
√
2Ω35Ω
− η − 6Ω−35KΞ∗
+ 12XKc Ω
− + (H.c.), (4.49)
where
∆5/2 = (∆
+++
5/2 , ∆
++
5/2, ∆
+
5/2, ∆
0
5/2, ∆
−
5/2, ∆
−−
5/2)
T ,
T (52 ,
3
2 ) · pi = −T
(+1)
5/2,3/2π
+ + T
(−1)
5/2,3/2π
− + T
(0)
5/2,3/2π
0, (4.50)
and
T
(+1)
5/2,3/2 =
1√
5

√
20 0 0 0
0
√
12 0 0
0 0
√
6 0
0 0 0
√
2
0 0 0 0
0 0 0 0

, T
(0)
5/2,3/2 =
2√
5

0 0 0 0√
2 0 0 0
0
√
3 0 0
0 0
√
3 0
0 0 0
√
2
0 0 0 0

,
T
(−1)
5/2,3/2 =
1√
5

0 0 0 0
0 0 0 0√
2 0 0 0
0
√
6 0 0
0 0
√
12 0
0 0 0
√
20

, (4.51)
which gives
∆5/2 T (
5
2 ,
3
2 ) · pi∆ = −2∆
+++
5/2 ∆
++π+ − 2√
5
∆
++
5/2
(√
3∆+π+ −
√
2∆++π0
)
−
√
2
5
∆
+
5/2
(√
3∆0π+ −
√
6∆+π0 −∆++π−
)
−
√
2
5
∆
0
5/2
(
∆−π+ −
√
6∆0π0 −
√
3∆−π−
)
+
2√
5
∆
−
5/2
(√
2∆−π+ +
√
3∆0π−
)
+ 2∆
−−
5/2∆
−π−. (4.52)
Since 35-plet is the highest multiplet among pentaquark multiplets, some resonances located in the boundary of
the weight diagram have unique decay channels that do not suffer from mixing with other multiplets due to their
quantum numbers. In particular, X− (X−−) decays into K
0
Ω− (K−Ω−) and this is the unique mode that can be
searched in experiments. Similarly, the isotensor (I = 2) Θ++, Θ− as well as ∆+++5/2 , ∆
−−
5/2 with I = 5/2 can be
measured without suffering from the mixing. In addition, Θ2 can decay into K∆. This isospin selection rule may be
useful to identify the Y = 2 baryons. Namely, Θ+ (and its higher spin resonances) can decay into KN only, while Θ2
can decay into K∆ only. But Θ1 can decay into both KN and K∆, if energetically allowed.
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C. Interactions with pentaquark baryons
Now we consider the interactions among pentaquarks with meson octet. These interactions can be constructed by
noting that
8⊗ 8 = 27⊕ 10⊕ 10⊕ 81 ⊕ 82 ⊕ 1,
10⊗ 8 = 35⊕ 27⊕ 10⊕ 8,
10⊗ 8 = 35⊕ 27⊕ 10⊕ 8,
27⊗ 8 = 64⊕ 35⊕ 35⊕ 271 ⊕ 272 ⊕ 10⊕ 10⊕ 8,
35⊗ 8 = 81⊕ 64⊕ 351 ⊕ 352 ⊕ 28⊕ 27⊕ 10. (4.53)
Thus we can see the followings. First, the pentaquark singlet can couple to pentaquark octet only. Second, the
27-27 and 35-35 interactions have two types like 8-8 interaction. Third, the interactions including 10-10, 35-8, and
35-10 are not allowed as they cannot form SU(3)-invariant interactions. Thus, 35-plet couplings are limited to the
interactions with 27-plet and decuplet.
1. 8-8
This interaction Lagrangian contains the well-known f - and d-type interactions as in Eq. (4.9):
L8-8/g8-8 = (d+ f)P¯ liMkl P ik + (d− f)P¯ liP kl M ik, (4.54)
so that
L8-8/g8-8 = =
1√
2
(d+ f)N8τ · piN8 −
1√
6
(d− 3f)N8N8 η −
1√
6
(d+ 3f)N8KΛ
0
8
+
1√
2
(d− f)N8τ ·Σ8K − i
√
2f
(
Σ8 ×Σ8
) · pi +√2
3
dΣ8Σ8 η
+
√
2
3
dΣ8 · piΛ08 −
1√
2
(d+ f)KcΣ8 · τ Ξ8 +
1√
2
(d− f)KΣ8 · τN8
+
√
2
3
dΛ
0
8Σ8 · pi −
√
2
3
dΛ
0
8 Λ
0
8 η −
1√
6
(d− 3f) Λ08KcΞ8
− 1√
6
(d+ 3f) Λ
0
8KN8 −
1√
2
(d− f) Ξ8τ · piΞ8 −
1√
6
(d+ 3f) Ξ8Ξ8 η
− 1√
2
(d+ f) Ξ8τ ·Σ8Kc −
1√
6
(d− 3f) Ξ8KcΛ08. (4.55)
Note that the values of d and f are different from those in L8-83 of Eq. (4.9).
2. 10-10
The interaction Lagrangian reads
L10-10 = g10-10D
jkl
DmklM
m
j , (4.56)
which gives
L10-10/g10-10 =
√
15
2
∆10T (
3
2 ,
3
2 ) · pi∆10 +
√
6∆10∆10 η −
√
6∆10 T (
3
2 ,
1
2 ) ·Σ10K
− i2
√
2
(
Σ10 ×Σ10
) · pi − 2√2KcΣ10 · τ Ξ10 +√6K T (12 , 32 ) ·Σ10∆10
+
√
2Ξ10 τ · pi Ξ10 −
√
6Ξ10 Ξ10 η − 2
√
3Ξ10K Ω
−
10
− 2
√
2Ξ10 τ ·Σ10Kc − 2
√
6Ω
−
10 Ω
−
10 η − 2
√
3Ω
−
10K Ξ10. (4.57)
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3. 10-10
The interaction Lagrangian reads
L
10-10 = g10-10T jklT
mklM jm, (4.58)
which gives
L
10-10/g10-10 = −2
√
6ΘΘη − 2
√
3ΘKcN10 − 2
√
3N10KcΘ−
√
2N10 τ · piN10
−
√
6N10N10 η + 2
√
2N10 τ ·Σ10K + 2
√
2KΣ10 · τN10
+ i2
√
2
(
Σ10 ×Σ10
) · pi +√6KcΣ10 · T (12 , 32 ) Ξ10,3/2
−
√
6Ξ10,3/2T (
3
2 ,
1
2 ) ·Σ10Kc +
√
6Ξ10,3/2 Ξ10,3/2 η
−
√
15
2
Ξ10,3/2T (
3
2 ,
3
2 ) · piΞ10,3/2. (4.59)
4. 27-27
This interaction contains two types as there are two ways to fully contract the upper and lower indices. As in the
case of L8-8 we define f - and d-type interactions as
L27-27/g27-27 = (d+ f)T
kl
ijT
ij
kmM
m
l + (d− f)T
kl
ijT
im
kl M
j
m. (4.60)
Then we have
L27-27/g27-27 = L27-27|∆S|=0 + L27-27|∆S|=1, (4.61)
where
L27-27|∆S|=0 = −
2
√
6
3
(d− 3f)Θ1Θ1 η + i2
√
2(d+ f)
(
Θ1 ×Θ1
) · pi + √6
3
(d+ 3f)∆27∆27 η
+
√
5
6
(d+ 3f)∆27T (
3
2 ,
3
2 ) · pi∆27 +
8√
30
d∆27T (
3
2 ,
1
2 ) · piN27 −
8√
30
dN27T (
1
2 ,
3
2 ) · pi∆27
−
√
6
15
(13d− 15f)N27N27 η +
√
2
15
(19d+ 15f)N27τ · piN27 + 4
√
6
3
dΣ27,2Σ27,2 η
+
4
√
3√
5
f Σ27,2T (2, 2) · piΣ27,2 + 4√
15
dΣ27,2T (2, 1) · piΣc27 −
4√
15
dΣ
c
27T (1, 2) · piΣ27,2
− 4
√
6
15
dΣ27 Σ27 η − i2
√
2f
(
Σ27 ×Σ27
) · pi + 16√6
15
dΣ27 · piΛ027 +
16
√
6
15
dΛ
0
27pi ·Σ27
− 16
√
6
15
dΛ
0
27Λ
0
27 η +
√
2
3
(d− 3f) Ξ27,3/2 Ξ27,3/2 η −
√
5
6
(d− 3f) Ξ27,3/2 T (32 , 32 ) · pi Ξ27,3/2
+
8√
30
dΞ27,3/2T (
3
2 ,
1
2 ) · piΞ27 −
8√
30
dΞ27T (
1
2 ,
3
2 ) · piΞ27,3/2 −
√
2
15
(19d− 15f) Ξ27 τ · piΞ27
−
√
6
15
(13d+ 15f) Ξ27 Ξ27 η − 2
√
2√
3
(d+ 3f)Ω27,1Ω27,1 η + i2
√
2(d− f) (Ω27,1 ×Ω27,1) · pi,
(4.62)
27
and
L27-27|∆S|=1 = 2(d− f)KcΘ1 · T (12 , 32 )∆27 − 2(d− f)∆27T (32 , 12 ) ·Θ1Kc −
2√
15
(d+ 5f)KcΘ1 · τ N27
− 2√
15
(d+ 5f)N27τ ·Θ1Kc −
√
3(d− f)∆27Kc · I(32 , 2)Σ27,2 −
√
3(d− f)Σ27,2I(2, 32 ) ·Kc∆27
− 1√
5
(3d+ 5f)∆27T (
3
2 ,
1
2 ) ·Σ27K +
1√
5
(3d+ 5f)KΣ27 · T (12 , 32 )∆27 −
4
5
(d+ 5f)N27KΛ
0
27
− 4
5
(d+ 5f) Λ
0
27KN +
4
√
3
15
(3d− 5f)N27τ ·Σ27K + 4
√
3
15
(3d− 5f)KΣ27 · τ N27
−
√
3(d+ f)Σ27,2I(2,
3
2 ) ·K Ξ27,3/2 −
√
3(d+ f) Ξ27,3/2K · I(32 , 2)Σ27,2
+
1√
5
(3d− 5f)KcΣ27 · T (12 , 32 ) Ξ27,3/2 −
1√
5
(3d− 5f) Ξ27,3/2 T (32 , 12 ) ·Σ27Kc
− 4
√
3
15
(3d+ 5f)KcΣ27 · τ Ξ27 − 4
√
3
15
(3d+ 5f) Ξ27 τ ·Σ27Kc − 4
5
(d− 5f) Λ027Kc Ξ27
− 4
5
(d− 5f)Ξ27Kc Λ027 − 2(d+ f) Ξ27,3/2 T (32 , 12 ) ·Ω27,1K + 2(d+ f)KΩ27,1 · T (12 , 32 ) Ξ27,3/2
+
2√
15
(d− 5f) Ξ27 τ ·Ω27,1K + 2√
15
(d− 5f)KΩ27,1 · τ Ξ27. (4.63)
Here,
I(32 , 2) ·Kc = K0I
1/2
3/2,2 −K+I
−1/2
3/2,2 ,
T (2, 2) · pi = −T (+1)2,2 π+ + T (−1)2,2 π− + T (0)2,2π0, (4.64)
with
I
1/2
3/2,2 =
√
2
3

2 0 0 0 0
0
√
3 0 0 0
0 0
√
2 0 0
0 0 0 1 0
 , I−1/23/2,2 =
√
2
3

0 1 0 0 0
0 0
√
2 0 0
0 0 0
√
3 0
0 0 0 0 2
 , (4.65)
and
T+12,2 = −
√
5
6

0
√
2 0 0 0
0 0
√
3 0 0
0 0 0
√
3 0
0 0 0 0
√
2
0 0 0 0 0
 , T 02,2 =
√
5
6

2 0 0 0 0
0 1 0 0 0
0 0 0 0 0
0 0 0 −1 0
0 0 0 0 −2
 ,
T−12,2 =
√
5
6

0 0 0 0 0√
2 0 0 0 0
0
√
3 0 0 0
0 0
√
3 0 0
0 0 0
√
2 0
 . (4.66)
28
Therefore, we have
∆27 I(
3
2 , 2) ·Kc Σ27,2 =
√
2
3
∆
++ (
2Σ++27,2K
0 − Σ+27,2K+
)
+
√
2
3
∆
+
(√
3Σ+27,2K
0 −
√
2Σ027,2K
+
)
+
√
2
3
∆
0
(√
2Σ027,2K
0 −
√
3Σ−27,2K
+
)
+
√
2
3
∆
− (
Σ−27,2K
0 − 2Σ−−27,2K+
)
,
Σ27,2T (2, 2) · piΣ27,2 =
√
5
6
Σ
++
27,2
(√
2Σ+27,2π
+ + 2Σ++27,2π
0
)
+
√
5
6
Σ
+
27,2
(√
3Σ027,2π
+ +Σ+27,2π
0 +
√
2Σ++27,2π
−
)
+
√
5
6
Σ
0
27,2
(√
3Σ−27,2π
+ +
√
3Σ+27,2π
−
)
+
√
5
6
Σ
+
27,2
(√
2Σ−−27,2π
+ − Σ+27,2π0 +
√
3Σ027,2π
−
)
−
√
5
6
Σ
−−
27,2
(
2Σ−−27,2π
0 −
√
2Σ−27,2π
−
)
. (4.67)
5. 35-35
This interaction Lagrangian also contains f - and d-type and reads
L35-35/g35-35 = (d+ f)T
ijkl
a T
a
ijkmM
m
l + (d− f)T
ijkl
a T
m
ijklM
a
m
= L35-35|∆S|=0 + L35-35|∆S|=1, (4.68)
where
L35-35|∆S|=0 = −4
√
6(d− 3f)Θ2Θ2 η + 6
√
12√
5
(d+ f)Θ2 T (2, 2) · piΘ2 + 8
√
6 d∆5/2∆5/2 η
+
24
√
7√
15
f ∆5/2T (
5
2 ,
5
2 ) · pi∆5/2 +
5
√
30
9
(35d+ 27f)∆35T (
3
2 ,
3
2 ) · pi∆35
+
√
6
5
(5d− 3f)∆5/2T (52 , 32 ) · pi∆35 −
√
6
5
(5d− 3f)∆35T (32 , 52 ) · pi∆5/2
− 3
√
6
2
(3d− 5f)∆35∆35 η +
√
6(5d− 3f)Σ35,2Σ35,2 η
− 3
√
3√
5
(d+ 7f)Σ35,2T (2, 2) · piΣ35,2 +
√
3(5d− 3f)Σ35,2T (2, 1) · piΣc35
−
√
3(5d− 3f)Σc35T (2, 1) · piΣ35,2 −
i√
2
(17d+ 9f)
(
Σ35 ×Σ35
) · pi
−
√
6(5d− 3f)Σ35Σ35 η + 2
√
6(d− 3f) Ξ35,3/2 Ξ35,3/2 η
−
√
30(d− 3f) Ξ35,3/2T (32 , 32 ) · pi Ξ35,3/2 +
√
3(5d− 3f) Ξ35,3/2T (32 , 12 ) · piΞ35
−
√
3(5d− 3f)Ξ35T (32 , 12 ) · piΞ35,3/2 +
1√
2
(11d+ 3f) Ξ35τ · piΞ35
−
√
6
2
(11d+ 3f) Ξ35 Ξ35 η + i3
√
2(3d− 5f) (Ω35,1 ×Ω35,1) · pi
−
√
6(d+ 9f)Ω35,1Ω35,1 η + 2
√
3(5d− 3f)Ω35,1 · piΩ−35 + 2
√
3(5d− 3f)Ω−35pi ·Ω35,1
− 6
√
6(d+ f)Ω
−
35Ω
−
35 η − 4
√
6(d+ 3f)XX η − 12
√
2(d− f)X τ · piX. (4.69)
29
and
L35-35|∆S|=1 = −
24
√
3√
10
(d− f)Θ2 I(2, 52 ) ·K∆5/2 +
24
√
3√
10
(d− f)∆25K · I(52 , 2)Θ2
− 3√
5
(d+ 9f)Θ2 I(2,
3
2 ) ·K∆35 −
3√
5
(d+ 9f)∆35K · I(32 , 2)Θ2
− 12
√
3√
10
(d+ f)∆5/2Kc · I(52 , 2)Σ27,2 +
12
√
3√
10
(d+ f)Σ35,2 I(2,
5
2 ) ·Kc∆5/2
− 3√
20
(19d− 21f)∆35Kc · I(32 , 2)Σ35,2 −
3√
20
(19d− 21f)Σ35,2I(2, 32 ) ·Kc∆35
−
√
15
2
(d+ 9f)∆35T (
3
2 ,
1
2 ) ·ΣK +
√
15
2
(d+ 9f)KΣ35 · T (12 , 32 )∆35
− 9(d+ f)Σ35,2I(2, 32 ) ·K Ξ35,3/2 − 9(d+ f)Ξ35,3/2K · I(32 , 2)Σ35,2
− 2(d+ 9f)KcΣ35 · τ Ξ35 − 2(d+ 9f) Ξ35τ ·Σ35Kc
+
√
3(7d− 9f)KcΣ35 · T (12 , 32 ) Ξ35,3/2 −
√
3(7d− 9f) Ξ35,3/2T (32 , 12 ) ·Σ35Kc
− 6
√
3(d+ f) Ξ35,3/2T (
3
2 ,
1
2 ) ·Ω35,1K + 6
√
3(d+ f)KΩ35,1 · T (12 , 32 ) Ξ35,3/2
+ 3(3d+ 5f) Ξ35τ ·Ω35,1,K + 3(3d+ 5f)KΩ35,1 · τ Ξ35
−
√
6(d+ 9f) Ξ35K Ω
−
35 −
√
6(d+ 9f)Ω
−
35K Ξ35 − 6
√
2(d+ f)KcΩ35,1 · τ X
− 6
√
2(d+ f)Xτ ·Ω35,1Kc − 4
√
3(d− 3f)Ω−35KcX − 4
√
3(d− 3f)XKcΩ−35. (4.70)
Here,
T (52 ,
5
2 ) · pi = −T
(+1)
5/2,5/2π
+ + T
(−1)
5/2,5/2π
− + T
(0)
5/2,5/2π
0, (4.71)
with
T+15/2,5/2 = −
2
√
3√
35

0
√
5 0 0 0 0
0 0 2
√
2 0 0 0
0 0 0 3 0 0
0 0 0 0 2
√
2 0
0 0 0 0 0
√
5
0 0 0 0 0 0

, T 05/2,5/2 =
√
6
35

5 0 0 0 0 0
0 3 0 0 0 0
0 0 1 0 0 0
0 0 0 −1 0 0
0 0 0 0 −3 0
0 0 0 0 0 −5

,
T−15/2,5/2 =
2
√
3√
35

0 0 0 0 0 0√
5 0 0 0 0 0
0 2
√
2 0 0 0 0
0 0 3 0 0 0
0 0 0 2
√
2 0 0
0 0 0 0
√
5 0

, (4.72)
which leads to
∆5/2T (
5
2 ,
5
2 ) · pi∆5/2 =
√
6
35
{
∆
+++
5/2
(
5∆+++5/2 π
0 +
√
10∆++5/2π
++
)
+∆
++
5/2
(√
10∆+++5/2 π
− + 3∆++5/2π
0 + 4∆+π+
)
+∆
+
5/2
(
4∆++5/2π
− +∆+5/2π
0 + 3
√
2∆0π+
)
+∆
0
5/2
(
3
√
2∆+5/2π
− −∆05/2π0 + 4∆−π+
)
+∆
−
5/2
(
4∆05/2π
− − 3∆−5/2π0 +
√
10∆−−π+
)
+∆
−−
5/2
(√
10∆−5/2π
− − 5∆−−5/2π0
)}
.(4.73)
6. 27-10
The interaction Lagrangian of 27 and 10 reads
L
27-10/g27-10 = ǫimnT
ij
klT
mklMnj + (H.c.), (4.74)
30
which gives
L
27-10/g27-10 = 2
√
6Θ1 · piΘ− 2KcΘ1 · τ N10 + 2
√
2∆27 T (
3
2 ,
1
2 ) · piN10
− 2
√
2∆27 T (
3
2 ,
1
2 ) ·Σ10K −
7
√
2√
15
N27 τ · piN10 −
3
√
10
5
N27N10 η
+
6
√
5
5
N27KcΘ− 2
√
2√
15
N27 τ ·Σ10K +
2
√
2√
3
Σ27,2 T (2, 1) · piΣc10
− 3Σ27,2 I(2, 32 ) ·K Ξ10,3/2 + i
6√
5
(
Σ27 ×Σ10
) · pi − 4√3√
5
Σ27Σ10 η
− 4√
5
KΣ27 · τ N10 −
√
3
5
KcΣ27 · T (12 , 32 ) Ξ10,3/2 −
8√
15
Λ
0
27pi ·Σ10
+
4
√
3√
5
Λ
0
27KN10 −
√
5
2
Ξ27,3/2 T (
3
2 ,
3
2 ) · pi Ξ10,3/2 − 3
√
2Ξ27,3/2 Ξ10,3/2 η
+
√
2Ξ27,3/2 T (
3
2 ,
1
2 ) ·Σ10Kc +
2
√
6√
15
Ξ27 T (
1
2 ,
3
2 ) · pi Ξ10,3/2
+
8
√
2√
15
Ξ27 τ ·Σ10Kc − 2
√
3KΩ27,1 · T (12 , 32 ) Ξ10,3/2
+ (H.c.). (4.75)
7. 35-27
The interaction Lagrangian in this case is obtained as
L35-27/g35-27 = ǫimnT
ijkl
a T
ma
jk M
n
l + (H.c.), (4.76)
31
which gives
L35-27/g35-27 = 4
√
2Θ2 T (2, 1) · piΘc1 − 3
√
2Θ2 I(2,
3
2 ) ·K∆27
− 12√
5
∆5/2Kc · I(52 , 2)Σ27,2 + 2
√
3∆5/2 T (
5
2 ,
3
2 ) · pi∆27
+
√
10∆35 T (
3
2 ,
1
2 ) ·Θ1Kc +
√
3
10
∆35Kc · I(32 , 2)Σ27,2
− 5√
2
∆35 T (
3
2 ,
1
2 ) ·Σ27K −
7√
12
∆35 T (
3
2 ,
3
2 ) · pi∆27
+
10√
3
∆35 T (
3
2 ,
1
2 ) · piN27 − 6Σ35,2Σ27,2 η −
3
√
2√
5
Σ35,2 T (2, 2) · piΣ27,2
+
√
10Σ35,2 T (2, 1) · piΣc27 − 3
√
2Σ35,2 I(2,
3
2 ) ·K Ξ27,3/2
+
3√
2
Σ35,2 I(2,
3
2 ) ·Kc∆27 −
2
√
10
3
KcΣ35 · τ Ξ27
− 2
√
5Σ35Σ27 η − 5√
6
KΣ35 · T (12 , 32 )∆27 −
√
2
3
KcΣ35 · T (12 , 32 ) Ξ27,3/2
+ i
√
15
(
Σ35 ×Σ27
) · pi + 8√5
3
Σ35 · pi Λ027 −
4
√
10
3
KΣ35 · τ N27
+
√
2
3
Σ
c
35 T (1, 2) · piΣ27,2 − 4
√
3Ξ35,3/2 Ξ27,3/2 η
− 2
√
5√
3
Ξ35,3/2 T (
3
2 ,
3
2 ) · piΞ27,3/2 +
√
6Ξ35,3/2K · I(32 , 2)Σ27,2
+
√
10Ξ35,3/2 T (
3
2 ,
1
2 ) ·Σ27Kc +
2
√
15
3
Ξ35,3/2 T (
3
2 ,
1
2 ) · pi Ξ27
− 2
√
2Ξ35,3/2 T (
3
2 ,
1
2 ) ·Ω27,1K −
5
√
5
3
Ξ35 τ · piΞ27
+
2√
3
Ξ35 T (
1
2 ,
3
2 ) · pi Ξ27,3/2 + 2
√
10Ξ35Kc Λ
0
27 +
2
√
10√
3
Ξ35 τ ·Σ27Kc
−
√
2
3
Ξ35τ ·Ω27,1K − 6Ω35,1Ω27,1 η + i2
√
3
(
Ω35,1 ×Ω27,1
) · pi
− 2
√
6KΩ35,1 · T (12 , 32 ) Ξ27,3/2 −
√
10KΩ35,1 · τ Ξ27 − 2
√
2Ω
−
35 pi ·Ω27,1
+ 2
√
15Ω
−
35K Ξ27 + 4
√
3X τ ·Ω27,1Kc
+ (H.c.). (4.77)
8. Other interactions
Other interactions of pentaquarks can be obtained directly from the results in the previous subsections. Namely, the
interactions for 1-8, 10-8, 10-8, and 27-8 can be obtained from Eqs. (4.6), (4.12), (4.19), and (4.24) by replacing the
three-quark octet by pentaquark octet. Also the interactions for 27-10 and 35-10 can be read from Eqs. (4.44) and
(4.49), respectively, by replacing the three-quark decuplet by pentaquark decuplet. This completes the interactions
of pentaquark baryons with pentaquark baryons and meson octet.
V. MASS RELATIONS
In this Section, we derive several relations for the mass differences among pentaquark baryons. This can be obtained
by using the Gell-Mann–Okubo mass formula,
M =M0 + αY + βD
3
3 , (5.1)
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where M0 is a common mass of a given multiplet and D
3
3 = I(I+1)−Y 2/4−C/6 with C = 2(p+ q)+ 23 (p2+pq+ q2)
for the (p, q) representation. In the tensor representation, one can obtain the same results as follows. Since all the
particles belonging to an irreducible representation of SU(3) are degenerate in the SU(3) symmetry limit, it is required
to include SU(3) symmetry breaking to obtain the mass splittings. It is well-known that the Hamiltonian which breaks
SU(3) symmetry but still preserves the isospin symmetry and hypercharge is proportional to the Gell-Mann matrix
λ8. Thus we introduce the hypercharge tensor as
Y =
 1 0 00 1 0
0 0 −2
 . (5.2)
Then the baryon masses can be obtained by constructing all possible contractions among irreducible tensors and the
hypercharge tensor. As the mass formulas contain several parameters which take different values depending on the
multiplet, we can obtain only the relations between the masses. Also note that we do not consider mixing among
baryon multiplets in this work.
A. Octet
For the pentaquark octet, the mass term is given by
H8 = aP
i
jP
j
i + bP
i
jY liP jl + cP
i
jYjl P li . (5.3)
Using the particle identifications for the octet tensor, we obtain the octet mass as
N8 = a+ b− 2c, Λ8 = a− b− c,
Σ8 = a+ b+ c, Ξ8 = a− 2b+ c. (5.4)
The particle name in each equation indicates its mass in this Section. One can then easily find that Eq. (5.3) leads
to the Gell-Mann–Okubo mass relation for the pentaquark octet,
2(N8 + Ξ8) = 3Λ8 +Σ8. (5.5)
B. Decuplet
In this case, the fully contracted Hamiltonian reads
H10 = aD
ijk
Dijk + bD
ijkY lkDijl. (5.6)
Working out the contraction, we obtain
∆10 = 6(a+ b), Σ10 = 6a,
Ξ10 = 6(a− b), Ω10 = 6(a− 2b). (5.7)
Note that we have the well-known equal spacing for the decuplet spectrum,
Ω10 − Ξ10 = Ξ10 − Σ10 = Σ10 −∆10. (5.8)
C. Antidecuplet
The mass spectrum of antidecuplet is very similar to that of decuplet, namely,
H
10
= aT ijkT
ijk + bT ijkYkl T ijl, (5.9)
which gives
Θ = 6(a− 2b), N10 = 6(a− b),
Σ10 = 6a, Ξ10,3/2 = 6(a+ b). (5.10)
Again, we have equal spacing rule in the spectrum [46],
Ξ10,3/2 − Σ10 = Σ10 −N10 = N10 −Θ. (5.11)
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D. 27-plet
There are three possible ways to contract upper and lower indices as in the case of octet. We have
H27 = aT
ij
klT
kl
ij + bT
ij
klY lmT kmij + cT
ij
klYmj T klim. (5.12)
The masses are then given by
Θ1 = 4a− 8b+ 4c,
∆27 = 4a− 2b+ 4c, N27 = 4a− 28
5
b+
2
5
c,
Σ27,2 = 4a+ 4b+ 4c, Σ27 = 4a− 4
5
b− 4
5
c, Λ27 = 4a− 16
5
b− 16
5
c,
Ξ27,3/2 = 4a+ 4b− 2c, Ξ27 = 4a+
2
5
b− 28
5
c,
Ω27,1 = 4a+ 4b− 8c. (5.13)
From the above results, we can obtain several mass relations,
3(Σ27 +Θ1) = 2(∆27 + 2N27),
3(Ξ27,3/2 + 2Θ1) = 4∆27 + 5N27, 3(Ξ27 + 2Θ1) = ∆27 + 8N27,
3(Ω27,1 + 3Θ1) = 2(∆27 + 5N27). (5.14)
Some interesting relations can be found. First, one can find the analog of Gell-Mann–Okubo relation,
2(N27 + Ξ27) = 3Λ27 +Σ27. (5.15)
Second, we note that some of the 27-plet members, i.e., Θ1, ∆27, Σ27,2, Ξ27,3/2, and Ω27,1, satisfy two independent
equal-spacing rules,
Ω27,1 − Ξ27,3/2 = Ξ27,3/2 − Σ27,2,
Σ27,2 −∆27 = ∆27 −Θ1. (5.16)
Note that they are the states with maximum isospin for a given hypercharge and the equal-spacing rule holds inde-
pendently for the upper half of the 27-plet weight diagram and for the lower half of the weight diagram (Fig. 7).
E. 35-plet
In this case, we have
H35 = aT
jklm
i T
i
jklm + bT
jklm
i Ynj T inklm + cT
jklm
i YinT njklm. (5.17)
The obtained masses are
Θ2 = 24a+ 24b− 48c,
∆5/2 = 24a+ 24b+ 24c, ∆35 = 24a+ 9b− 36c,
Σ35,2 = 24a+ 6b+ 24c, Σ35 = 24a− 6b− 24c,
Ξ35,3/2 = 24a− 12b+ 24c, Ξ35 = 24a− 21b− 12c,
Ω35,1 = 24a− 30b+ 24c, Ω35 = 24a− 36b,
X = 24a− 48b+ 24c. (5.18)
Here we observe that there are two sets of baryons which satisfy the equal-spacing rule separately. Namely, (Θ2, ∆35,
Σ35, Ξ35, Ω35) are equally spaced and another equal spacing rule holds for (∆5/2, Σ35,2, Ξ35,3/2, Ω35,1, X),
Ω35 − Ξ35 = Ξ35 − Σ35 = Σ35 −∆35 = ∆35 −Θ2,
X − Ω35,1 = Ω35,1 − Ξ35,3/2 = Ξ35,3/2 − Σ35,2 = Σ35,2 −∆5/2. (5.19)
One can derive other mass relations such as
5(Θ2 +Σ35,2) = 2(2∆5/2 + 3∆35), 5(Σ35 − Σ35,2) = −4(∆5/2 −∆35),
5(Ξ35 − 2Σ35,2) = −8∆5/2 + 3∆35, 5(Ω35 − 3Σ35,2) = −2(6∆5/2 −∆35). (5.20)
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VI. SUMMARY
In summary, we have obtained the flavor wave functions of all pentaquark baryons in SU(3) quark model including
1, 8, 10, 10, 27, and 35. Then the SU(3) symmetric Lagrangian for the interactions involving pentaquark baryons is
constructed and the mass relations among the pentaquark baryons are derived. Together with the mass sum rules, the
obtained SU(3) selection rules and SU(3) symmetry relations would be useful in searching for the pentaquark baryons
in future experiments and studying their production processes as well as developing more sophisticated models for
pentaquark structure. The flavor-spin wave function of pentaquark baryons can be constructed by extending our
results to SU(6) [65] and the symmetry breaking effects can be introduced to our SU(3) symmetric Lagrangian in a
standard way.
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